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Abstract 
Electron spin resonance (ESR) and photoluminescence (PL) techniques were utilized to investigate the gamma radiation induced 
changes occurring in the Trombay research reactor nuclear waste glasses. Fe and Eu were doped in the glass samples which acted 
as local probes. From these studies it was seen that upon irradiation various types of defect centers namely boron oxygen hole 
centers, E’ centers, silicon hole centers, oxygen deficient centers etc. were formed in the glass. Further, contrary to the other 
waste glass compositions reported, no change was observed in the Eu oxidation state after irradiation. In case of the Fe doped 
glass, it was observed that, for glasses irradiated with same radiation dose, the radiation induced defect centers decreased with 
increase in the Fe content in the glass. Although the radiation lead to formation of various defect centers, the overall glass 
network remained unaffected to a large extent.  
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1. Introduction 
Borosilicate based glass formulations have been now widely accepted as the matrix for fixing the high level 
radioactive liquid waste (HLW) containing fission and activation products, process pick up elements, salts used in 
the chemical process, minor actinides such as 237Np, 241, 243Am and 244, 245Cm and residual major actinides.  However, 
the exact composition of the glass depends on the composition of the HLW, which in turn depends on the type of 
reactor, burn up, off reactor cooling of spent nuclear fuel and nature of reprocessing flow sheets etc [USDOE(1995), 
IAEA(2007), Ojovan et al. (1992), Jantzen et al. (2010)]. At Bhabha Atomic Research Centre (BARC), Trombay, 
India, the historic waste from the research reactors is characterized by the presence of high amounts of sulphate ions 
coming from the ferrous suphamate used for reducting Pu(IV) to Pu(III).  For the sulfate rich HLW, a barium oxide 
containing alkali borosilicate glass (code name SB 44) was developed and is routinely used for the waste 
vitrification [Kaushik et al. (2006)]. Because of the radioactive components present in the HLW, the waste form 
experiences constant irradiation by D, E and J and hence experiences radiation damage. Spectroscopic techniques 
provide non-invasive and direct method for characterizing these radiation induced changes in the glass samples. In 
the present paper, we discuss some of the recent work on the gamma radiation damage in Trombay nuclear waste 
glasses (SB 44) containing Eu and Fe, using photoluminescence (PL) and Electron Spin Resonance (ESR) 
spectroscopic techniques.  
2. Experimental 
All the glass samples were prepared by conventional melt quench technique at Waste Management Division 
(WMD), BARC adopting standard procedure. The base glass compositions used for the present set of investigations 
are given in table-1. Gamma irradiation of the samples was done in two 60Co gamma chambers with dose rates of 
1kGy/hr and 8kGy/hr. PL experiments on the samples were done on an Edinburgh FLS-900 unit (Edinburgh 
Analytical Instruments, Livingston, UK). ESR data were recorded on a Bruker ESP 300 spectrometer operating at X 
band frequency (9.5 GHz) using 100 kHz field modulation with di-phenyl picryl hydrazyl (DPPH) as the field 
marker. ESR data acquisition and analysis was done by WIN-EPR software and the ESR simulation studies were 
carried by Simfonia software from Bruker, Germany.   
Table 1: Composition of the Trombay base glass (SB 44) 
                Mol % 
SiO2 47.34 
Na2O 14.30 
B2O3 
BaO 
26.80 
11.56 
3. Results and Discussion 
To get an idea regarding the radiation induced changes taking place in the glass matrix, it was necessary to 
characterize the glasses before irradiation. The base glass samples of SB 44, incorporated with Fe (with varying 
content) and Eu (1 mol%) individually were investigated for the oxidation states and coordination geometries of the 
metal ions. Europium in its trivalent state, is considered as a possible surrogate for the trivalent minor actinides [Li 
et al. (1997)].  Further, it can mimic trivalent plutonium Pu(III) in glassy matrices, which was found to be more 
soluble in borosilicate glasses than the usual Pu(IV) [Feng et al. (1999)]. Detailed discussions on these aspects are 
mentioned elsewhere [Mohapatra et al. (2010) A and B]. The radiation induced changes in these glass matrices are 
discussed below. 
3.1 Investigations by PL Technique.  
The PL emission data of the J irradiated Eu (1 mol%) glass samples as a function of dose is given in figure 1.  
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Fig. 1 PL spectrum of the Eu doped irradiated borosilicate base glass with varying gamma dose 
The data suggested the stabilisation of the trivalent species in the matrix with relatively lower symmetry.   
Most of the reports on Eu containing simplified French nuclear waste glasses suggest the formation of the divalent 
species in the samples after irradiation [Malchukova and Boizot (2010), Boizot et al. (2000)]. However, in the 
present barium glass the formation of Eu(II) was not observed. Similar observations were reported for the Eu 
containing simplified borosilicate glasses [Bonfils et al. (2007)] where the authors had observed no change in the  
Eu oxidation state. But similar to the observations on barium glass, they had reported the Eu sites to be more 
disordered after irradiation. The formation of the divalent species in the simplified French glasses was attributed to 
the radiation induced reduction of the trivalent europium via electron trapping. But in the present barium based glass 
we did not find the presence of the divalent RE ion before or after gamma irradiation. This can be explained on the 
basis of the compositional difference existing among the different glasses. In the Trombay waste glass that we have 
studied, a significant amount of ‘Fe(III)’ is present along with Ba [Mohapatra et al (2011) B]. Fe3+ is known to act as 
electron trapping species when present in glasses. Olivier et al. have shown that, the presence of Fe3+ reduces the 
formation of defect centers in irradiated French waste glasses [Olivier et al. (2005)]. The glass composition studied 
by Malchukova and Boizot, was a simplified aluminoborosilicate glass containing ZrO2 without iron. Further, the 
glasses were irradiated with high energetic electrons (2.5 MeV) so that the highest dose received by the sample was 
~109 Gy. In the Trombay glass, before irradiation, the samples had shown a single exponential decay curve of 2.7 
ms which after irradiation, changed to a bi-exponential decay  with two life time values (1.3 and 2.7 ms).  
3.2 Investigations using ESR Spectroscopic Technique.  
 
 
 
 
 
 
 
Fig. 2 ESR spectra of the Trombay nuclear waste glass irradiated with gamma dose of 2.5 MGy as a function of iron content 
550 600 650 700 750
0
1x104
2x104
3x104
4x104
5x104
In
te
n
s
ity
 
(a.
u
.
)
 
Wavelength (nm)
2 kGy
50 kGy
250 kGy
900 kGy
 
0 100 200 300 400 500
In
te
n
s
ity
 
(a.
u
.
) Defect centre Signal
H (mT)
Fe Concentration in mol%
 0.1
 0.25
 0.5
 1
 2.5
 
250   M. Mohapatra et al. /  Procedia Materials Science  7 ( 2014 )  247 – 251 
ESR technique has been extensively used in characterizing the radiation induced defect centers in glass samples. 
Several comprehensive reviews are available on the ESR of radiation induced defect centers in oxide glasses 
[Griscom (1974)] In the case of French nuclear waste glasses, a reduction in the beta radiation induced defect 
centers was observed in glasses doped with more than 1% Fe2O3 [Olivier et al. (2005)]. Similar observation has also 
been observed for the gamma irradiated Trombay nuclear waste glasses where the ESR signal of the defect centers 
decreased with increase in the iron content in the glass as given in figure 2. The reduction in the defect centre signal 
was attributed to the trapping of the excitons by Fe(II)/Fe(III) couple. The hoping process between ferrous and ferric 
ions in the glass captures the excitons produced during the electronic excitation and makes them unavailable for 
defect production [Debnath (2001)]. The details regarding the radiation induced radicals in these glass samples are 
mentioned elsewhere [Mohapatra et al. (2011) A]. In this particular glass composition it was observed that at least 
five different defect centers were generated as a result of irradiation. These were the common boron oxygen hole 
trapped species (BOHC), E’ centre, silicon hole trapped species, electron trapped species (F centers) and Oxy 
radicals. In this exercise, each radical signal was simulated and then joined to reproduce the original experimental 
spectrum. This is shown in figure 3. The signature of the E’ centre could only be obtained on double derivative 
mode of the ESR signal as given in the inset. The formation of Oxy radicals and E’ centers in the borosilicate glass 
can be attributed to the breaking of the regular Si-O-Si bonds due to irradiation. Similarly, the breaking of B-O-B 
bonds at regular sites leads to the formation of BOHC type of radicals in the system. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 A- Room temperature experimental (black line) and simulated (red line) ESR spectra of the BOHC radical, the inset figure shows the 
quartet structure of the BOHC and E’ centre; B- experimental (brown line) and simulated (green line) ESR spectra of the peroxy and HC radicals; 
C- experimental (blue line) and simulated (yellow line) ESR spectra of the ET and IMP radicals in the glass sample. All the experimental spectra 
were recorded with receiver gain = 3.2x104 and microwave power = 6.30 mW. 
Through the ESR data, the spin density of the radiation induced radicals was evaluated adopting standard procedure 
[Mohapatra et al. (2013)] using a spin counting technique with suitable standard. In the present case, for the highest 
dose irradiated sample, the spin density was calculated to be 2.8u1019 spins / 100 mg of the sample which is 
equivalent to few hundreds of ppm.  
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4. Conclusions 
To summarize, PL and ESR techniques were used to investigate the gamma radiation induced changes in Eu and Fe 
incorporated barium borosilicate glasses used for vitrifying Trombay nuclear waste. In contrast to the other glass 
compositions, the irradiated Eu -glass, did not show the formation of Eu2+. In case of the Fe doped glass, it was 
observed that, for glasses irradiated with same radiation dose, the radiation induced defect centers decreased with 
increase in the Fe content. Although the radiation lead to formation of various defect centres such as BOHC, F 
centers, peroxy radical centers, E’ centers etc., the overall concentration of the defect centers was about few 
hundreds of ppm. 
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